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1. INTRODUCTION

During the late fall, winter, and early
spring, large synoptic scale weather
disturbances frequent the northeast corridor
of the United States. As these storms pass
to the north and east of New England, a
west to northwest flow of colder air
becomes established over the area.

Within this airmass it is common to observe
the passage of a series of surface troughs or
a secondary cold front, which may or may
not be accompanied by positive vorticity
advection at 500 mb. In any event, these
features are usually associated with varying
amounts of clouds, flurries, and even snow
squalls.

Although the snow squalls are usually not as
intense and prolonged as those experienced
downwind of the Great Lakes, they still can
significantly reduce the visibility and
produce a couple inches of snow in a short
time period, having a great impact on both
aviation and road travel. At least several
times a year, the mountainous areas of
northern New England receive a significant
snowfall as a result of persistent snow
squalls in an unstable northwest flow. The
technique presented in this paper uses the

Nested Grid Model (NGM) low level
temperature difference, boundary layer
relative humidity, and an increase in the
lifted index over a 12-hr time period to
produce a Wintertime INstability inDEX
(WINDEX). During a 3-year period,
WINDEX was computed for almost 90
wintertime post-cold frontal trough passages.
Relationships were established between
WINDEX values and the potential for
snowsqualls.

2. METHODOLOGY

Snow squalls in winter are similar in nature
to thunderstorms in summer. Both are
mesoscale convective cells driven by an
unstable atmosphere, sufficient moisture in
the boundary layer, and a lifting mechanism.
To successfully forecast the occurrence of
snow squalls, one has to quantify these 3
parameters.

In WINDEX, the temperature difference
between the NGM T1-TS layers is used to
determine low level instability. The NGM
boundary layer relative humidity (R1) is
used to determine the amount of low level
moisture available, and the increase in the
NGM lifted index during a 12-hr period



encompassing a trough or cold front passage
1s used to determine potential lift.

2.1. Instability

During the late fall and winter, cold
outbreaks of arctic air across northern New
England are associated with some degree of
instability. The depth of this unstable layer
is usually within the first 2 to 3 km of the
surface. In forecasting lake effect snow
squalls, Niziol (1987) quantified the
instability as the difference in temperature
(°C) between the surface water of the lake
and 850 mb.

In this study, however, the goal is to
forecast the potential for the development
of snow squalls over land. One way to
quantify the low level instability is to take
the difference between the NGM layer 1
temperature (T1) on the NGM FOUS, and
the temperature from model layer 5 (T5).
The T1 temperature is the mean value taken
from a layer which ranges from 1000 to
965 mb, while the T5 temperature is the
mean value taken from a layer which ranges
from 820 to 785 mb (McEwen, 1986). The
maximum temperature difference between
these layers would correspond to the dry
adiabatic lapse rate. Poisson’s equation was
used to find the temperature difference
necessary to achieve the dry adiabatic lapse
rate for the extreme pressure surfaces of the
T1-TS layer. As shown in Appendix 1,
this in turn was used to find the temperature
difference for the dry adiabatic lapse rate for
the average T1-TS layer which was 17°C.
This value was used to represent the greatest
potential instability in roughly the first 2 to
3 km of the atmosphere. It is within this
shallow layer that many of the snow squalls
form over New England.

2.2. Moisture

Northern New England does not have an
abundant moisture source immediately to its
west as is the case in western New York.
There is the expansive Atlantic Ocean to the
east, but the predominant wind flow during
snow squall events is from the west or
northwest. Therefore, the limited moisture
available for snow squall development in
northern New England is generally through
advection or from residual moisture after a
recent storm.

Both the NGM mean relative humidity (R2)
and the boundary layer relative humidity
(R1) were examined for this study.
However, as more events were documented,
it became clear that the boundary layer
relative humidity (R1) correlated better with
the occurrence of snow squalls. This is
reasonable when you consider that
forecasters generally look at surface dew
points and not necessarily the mean relative
humidity between 965 and 473 mb, when
determining the amount of moisture
available for the formation of thunderstorms
in the summer.

2.3. Potential Lift

Perhaps, the most difficult parameter to
quantify is the strength of a lifting
mechanism. The NGM 700 mb vertical
velocity was first examined, but was found
to be unrepresentative at times. The reason
may be that most of the lift needed to
generate snow squalls occurs below this
level. Upon closer examination, it was
found that a large increase in the NGM
lifted index (LI) during the 12-hr period
along and behind the passage of a trough or
cold front, was better at determining



potential lift for snow squalls.

This increase in the LI does not physically
measure the lift of a parcel of air, but rather
is a way to approximate the magnitude of
the change in airmass at a location over a
given time period. That is, a larger change
in the LI could be viewed as a larger change
in airmass. Therefore, the cold front or
trough which ushered in this airmass change
would likely have a greater discontinuity and
low level lifting mechanism.

2.4 Data

To quantify these parameters, WSO
Concord (CON) surface aviation
observations were examined during the
period November through March for the
years 1989-1992. A snow squall for this
study was defined by those instances where
visibility was reduced to less than 3 miles by
short duration snowfall. This could also be
termed a snow shower, but the purpose here
is to differentiate between flurries, which by
definition are trace events, and those events
that may result in accumulating snow. A
visibility of less than 3 miles is also
important in aviation forecasting, since this
would constitute instrument flight rules
(IFR) conditions.

Aviation observations for the time period up
to 48 hours after a period of observed
synoptically-induced (large scale)
precipitation were carefully screened to find
short duration snowfall. The amount of
instability cloud cover (below 7000 feet) was
also noted based on the following
classification scheme: (1) clear; (2)
scattered; (3) broken; (4) overcast; and (5)
snowsquall. Note: a number which is
follow by "+" means the clouds varied

between two categories. ( e.g., 2+ would
mean that a sky cover was scattered, but
sometimes broken. ) An s- was added to the
end of a sky cover if flurries were observed.

There were nearly 90 events examined for
this study of which about 30 had flurries or
snow squalls. The time of day an event was
observed dictated which NGM model run
was used to collect the necessary data. In
general, a moming event was documented
using the 1200 UTC initial data. The 6-hr
forecast was used for afternoon events and
the 0000 UTC initial data was used for
evening events. The increase in the lifted
index was determined by taking the lowest
LI around the time of the event and
subtracting it from the LI which was
forecast by the NGM 6 and 12 hours later.
The larger increase in LI was then used.
This will occasionally be referred to as the
12-hr change in LI throughout the rest of
this paper.

3. RESULTS

After all the events were archived and the
data was examined, the T1-TS temperature
difference, the increase in LI during a 12-hr
period, and the boundary layer RH (R1l)
were plotted on 2 graphs. Figure 1 shows
the 12-hr change in LI versus the T1-T5
temperature difference where R1 > 50%.
Figure 2 is the same, but for Rl < 50%.
From the data and corresponding graphs,
cutoff values were observed to be critical for
the occurrence of snow squalls.

3.1. Instability

The term instability, as used in this paper,
pertains to the difference in temperature



between the NGM T1-T5 layer. The larger
the difference, the steeper the lapse rate,
and the greater the instability in the low
layers. For this study the following terms
are defined in relation to the TI1-TS
difference:

1. Stable --- less than 10°C

2. Potentially Unstable --- 10 to
13°C

3. Unstable --- 14 to 17°C

It is interesting to note that most snow squall
events in Concord took place when the T1-
TS5 temperature difference was 10°C or
more and R1>50%.

3.2. Potential Lift

An increase in the NGM lifted index of 8 or
greater during a 12-hr period, along and
behind a surface trough or cold front,
appeared to be critical to the development of
snow squalls in an unstable or potentially
unstable environment, However, this
increase in lifted index is only to be used for
those troughs and cold fronts which move in
a continuous fashion. If no trough or cold
front was present then variable clouds and
flurries were sometimes observed.

In some cases, troughs that were nearly
stationary produced snowsqualls or heavy
snow showers regardless of the change in
lifted index when there was sufficient
moisture and instability available. In this
situation, convergence played a greater role
than a change in airmass to produce lift.

Additionally, although snow squalls are
mesoscale in nature, synoptic-scale positive
vorticity advection (PVA) at 500 and 700
mb, and positive vertical velocity fields

were observed to enhance the intensity and
duration of snowsqualils.

3.3. Moisture

Through close examination of the data, a
boundary layer R.H. of 50% or greater was
determined to be necessary for the formation
of snow squalls. A boundary layer R.H.
less than 50% generally resulted in clear
skies or scattered clouds, except when the
T1-TS temperature difference indicated an
unstable atmosphere, in which case snow
flurries were occasionally noted.

4. WINDEX

Based on a scatter diagram of the T1-T5
temperature spread vs. 12-hr change in LI,
for a R1>50%, WINDEX (Fig. 1) was
simplified into a contingency diagram.
Figure 3 shows this WINDEX diagram
divided into 5 parts that represent different
potential weather conditions.

Snow squalls are most likely to occur in
AREA A located on the WINDEX diagram.
This area represents where the greatest
instability, moisture, and potential lift is
present. In general, snow squalls are likely
when there is an approaching surface trough
or cold front, the instability is 10°C or
greater, R1 is greater than 50%, and the
increase in LI is 8 or greater during a 12-hr
period along and behind the discontinuity.

AREA B represents an area where the low
level is unstable ( T1-T5 spread 14°C or
greater) and there is sufficient moisture for
"airmass”" type of flurries and snow
showers. Even though there may not be a
lifting mechanism to cause snow squalls, the



airmass is moist and unstable enough to
produce flurries and snow showers during
the afternoon, after some solar heating has
taken place. This is analogous to the
airmass type showers and thundershowers
that develop in an unstable atmosphere in
summer.

A few flurries are occasionally observed in
AREA C where the airmass is potentially
unstable (T1-T5 difference is 10 to 13°C)
and there is sufficient low level moisture.
However, a lifting mechanism is generally
lacking for organized snow shower or snow
squall activity.

Within AREA D of the WINDEX diagram,
the T1-TS temperature difference is less than
10°C, which is usually too stable for
flurries. However, flurries were occasionally
observed when there was a surface trough,
cold front, or significant 500 mb PVA
moving through the area.

AREA E represents where the low levels are
usually too stable for flurry or snowsquall
activity.

WINDEX was also used in an attempt to
predict the extent of instability cloudiness
during the daytime. Although the results
were less conclusive, there was a definite
correlation between increased cloudiness and
boundary layer relative humidity greater
than 50%. More study is planned in this
area, however, the results thus far can
possibly be used as guidelines.

4.1 Other Important
Considerations

a) All of the data used in this study
was from Concord, New Hampshire. This

area is located in a downslope region of the
state. Higher terrain lies to the west and
north of this site. When winds are from the
west-northwest the air tends to sink and dry
out. Since the general flow in snow squall
events is from the west-northwest, snow
squalls are usually not as intense and
prolonged as those observed over the higher
terrain of Vermont, New Hampshire and
Maine.

b) WINDEX is not a tool to forecast
the snow accumulation from snow squalls.
In general however, snow squalls in
Concord were usually short in duration and
produced less than an inch of snow.

c) The heaviest snow squall events
were usually observed in the mountains of
northern New England. They occurred
when 500 mb PVA accompanied a frontal
system, which encountered an airmass that
was potentially unstable with a boundary
layer RH of 80% or greater. The heaviest
snowfall seemed to occur along and just
south of the vorticity maximum track.
During one event, snowfall amounts varied
from 1 to 3 inches, with up to 5 to 10
inches in the more favorable orographic
locations. The following section describes
that event.

5. A CASE STUDY USING WINDEX

During the evening of March 17, 1992, a
surface cold front was predicted to move
southeast across northern New England
(Fig. 4). At 500 mb, a vorticity maximum
was forecast by the NGM to move across
northern Vermont, extreme northern New
Hampshire, and into the western mountains
of Maine (Fig. 5). The NGM boundary
layer moisture (R1) was predicted to be 80%



or greater throughout much of New England
(Fig. 6). The forecast issued for northern
New England was for scattered evening
flurries, then clearing based on the NGM
mean relative humidity (R2) that was
generally less than 70% across the area

(Fig. 7).

In retrospect, WINDEX would have
provided important guidance that snow
squalls could be expected to develop along
the front and move across much of northern
New England. Figure 8 shows the 1200
UTC NGM FOUS for several sites in the
Northeast. In addition, the variables used
for WINDEX are shown. Five out of 6
sites were located in AREA A of WINDEX
which indicated snow squall development
was likely. Albany, NY (ALB) was a bit
more stable in the low levels and was
located in AREA D of WINDEX, which
corresponds to "flurries possible with frontal
passage". In fact, with the vorticity
maximum at 500 mb moving across extreme
northern Vermont, northern New
Hampshire, and the western mountains of
Maine, snow accumulations in those areas
seemed to be likely.

As illustrated by Figure 9, 2-6 inch
accumulations fell over the northern
mountains of Vermont, New Hampshire and
Maine. Much of the rest of the region
received a dusting to an inch from the snow
squall activity.

6. CONCLUSION

The Winter INstability inDEX, or
WINDEX, has proven to be a quick and
simple tool to use in forecasting the potential
for snow squalls over northern New England
during the winter months.

As found in this study, snow squalls are
likely to form if there is an identifiable
surface discontinuity such as a trough or
cold front forecast to move in a continuous
fashion across the area. In addition, during
the study period, the following were found
to be necessary for the development of snow
squalls:

1) The T1-TS temperature difference is
10°C or greater.

2) The boundary layer RH (R1) is >
50%.

3) The LI increases by 8 or greater
during a 12-hr period.

One word of caution, WINDEX is only as
good as the NGM’s forecast is accurate.
The NGM sometimes will vacillate from run
to run which will give the forecaster reduced
confidence in WINDEX. Clearly this is not
a problem with WINDEX, but rather it is
the inherent inconsistency the NGM model
may occasionally exhibit. However, it has
always been a challenge to forecast the
extent of instability in a cold west to
northwest flow during the winter months.
Hopefully, WINDEX will give the
operational meteorologist more confidence
to differentiate between a forecast of snow
squalls or just scattered flurries.
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Figure 1. November 1989 through March 1992, WSO Concord, 12-hr change in LI vs. the
NGM T1-T5 temperature difference. Boundary layer RH (R1) > 50%.
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Figure 5. 0000 UTC, March 18, 1992. NGM 500 mb height analysis and vorticity.



0000 UTC, March 18, 1992. NGM boundary layer relative humidity.

Hatched area denotes RH > 80%.

Figure 6.

Figure 7. 0000 UTC, March 18, 1992. NGM 1000-500 mb mean relative humidity.
Hatched area denotes RH > 70%.
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APPENDIX A

b meemmme e 755 mb
P % (TS layer)
R | mmmemsm——o—sce- 816 mb
g |
S } ( T1-T5 layer )
S
2
R . 965 mb
E | (T1 layer)
| TTTTTTTTTTTTTT 1000 mb
[
Tl LAYER 1000 - 965 mb
T5 LAYER 816 - 755 mb
THEN:
SMALLEST (T1-TS5) LAYER - 965 - 816 mb
LARGEST (T1-TS) LAYER - 1000 - 755 mb

USING POISSON’S EQUATION TO FIND THE DRY ADIABATIC LAPSE
RATE FOR EACH LAYER, ASSUMING T1=273K AT T1 PRESSURE LEVEL
AND SOLVING FOR TS5 TEMPERATURE:
(R/mCP)
T=T * ( P/P, )

T = T5 temperature
T, = T1 temperature
P = TS5 pressure level
P, = Tl pressure level
(R/mCP) = .286
.286
FOR SMALLEST (T1-T5) LAYER: T = 273K * (816/965 mb)
= 260K = -13°C
THUS: THE DRY ADIABATIC LAPSE RATE = Tl - T5
=0°C - (-13°C) = 13°C
.286
FOR LARGEST (T1-T5) LAYER : T = 273°K *(755/1000 mb)
= 252°K = =21°C
THUS: THE DRY ADIABATIC LAPSE RATE Tl - TS

o

0'C - (-21°C) = 21°C

FINALLY: THE TEMPERATURE DIFFERENCE NECESSARY FOR AN ADIABATIC
LAPSE RATE FOR THE AVERAGE T1-T5 LAYER IS:

( ADIABATIC LAPSE RATE FOR (SMALLEST + LARGEST) LAYER )/2 =

(13'Cc +21°Cc) /2= 17°C
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